Abstract-This work presents the state-space average modeling of the low frequency off-line LED driver based on the boost pre-regulator converter with an LC filter output. The small signal modeling of the converter was derived. A control strategy of the current through the LED arrangement is also proposed. The converter was designed to supply power to a street lighting LED luminaire. The LED driver prototype was able to present a high power factor (PF) and a low total harmonic distortion (THD). The output power of the LED driver was 186 W with 93 % efficiency, when fed by 220 V, 60 Hz mains. The modeling presented in this paper aimed to seek a more precise derivation of the control to output transfer function, i. e., the transfer function concerning the output current and the duty cycle switch parameter. The paper also provides details of the frequency domain design of the current compensator by employing the improved transfer function. The compensator must perform two main tasks, which are the output luminous control (dimming feature) and the rejection of input voltage disturbances. In addition, the compensator transfer function was discretized for future implementation in a microcontroller. Simulation results of the digital compensator in open-loop and closed-loop are presented to validate the small signal modeling and to observe the dynamic response of the proposed compensator.
I. INTRODUCTION
The street lighting LED luminaire require an electronic driver. The driver is a power converter that aims to keep a constant average current through the LEDs. Although high frequency switching converters are often proposed as LED drivers [1] - [3] , it is interesting to investigate simpler solutions that allow cost reduction and be also compatible with the lifespan of the LEDs string.
For this reason, some research groups have proposed the use of low frequency switching converters to supply solidstate lighting lamps [4] - [7] . This paper presents state-space average modeling and control of an AC-DC converter inspired on the boost preregulator used as a driver for a street lighting LED luminaire [8] . The converter transistor switches at low frequency, twice as fast as the grid frequency [9] . The modeling methodology presented in this paper is intended for the design of the current controller in closed-loop operation of the LED driver.
The converter presented in this paper slightly differs from the one proposed in [8] by the presence of an LC filter on the output. This low-pass second-order filter has the objective of reducing the low frequency current ripple, which can consequently mitigate lamp flickering [10] .
As in the original solution [8] , the proposed driver can achieve reduced input current harmonic distortion (THD), high power factor (PF), output current compatible with modern high-power LEDs, output power level typical for street lighting and compliance with the IEC standard 61.000-3-2 class C [11] .
The remainder of this paper is organized as follows. Section II presents the converter under study and their main parameters. Section III describes the state-space averaging modeling and the correspondent small-signal model of the low-frequency LED driver, with the objective of obtaining the control-to-output transfer function. Section IV shows the validation of the small-signal AC model, the design of a compensator in compliance with the design constraints and the closed-loop simulation results of the digital compensator. Finally, the conclusions of this work are detailed in section V. Fig. 1 shows the adaptation of the low-frequency boost preregulator as a closed-loop LED driver [8] , [9] . This structure differs from the original proposition in [8] by the inclusion of the LC filter.
II. CONVERTER TOPOLOGY AND PARAMETERS
As seen, the voltage source is represented by v g , the main boost inductor by L b , the filter elements by C o and L o , while the main switch is named Q. V t and r d are the threshold voltage and the equivalent series resistance of the LED string.
The elements of the converter (except LC filter) can be designed according to [8] .
The elements of the converter (apart from the LC filter) can be designed according to [8] . The elements of the LC filter are chosen to reduce the current ripple in the LED string. By conventional computation and avoiding an output capacitor greater than 100 µF one can find the elements given in Table  I , Fig. 1 . LED Driver based on low frequency boost Pre-regulator, in closedloop. Table I include the value and some details for all the relevant elements of the converter to be considered in this paper. Fig. 2 shows the simulation results for the converter operating in open-loop regime. The average current chosen is 700 mA, with a ripple of 15 %, which meets the LED flickering IEEE recommendation [12] . As expected, this converter presents a high PF (0.99) and a THD of the input current of 8.27 %. The input power was 208 W by simulation and the output power was 193 W, achieving an estimated efficiency of 92.8 %. Some parasitic elements and semiconductor losses have been considered in this simulation. 
(b) 
III. STATE SPACE MODELING
The state-space averaging technique is applied in this paper aiming to attain a proper control-to-output transfer function of the low-frequency AC-DC converter, as well as to allow finding the proper parameters of the current compensator. Fig.  3 shows the equivalent circuit that should be modeled in terms of its state-space variables.
A. State-space Average Model
The average modeling of the variables takes the system that varies periodically (nonlinear time-variant system) to a system in which it is possible only to observe the temporal evolution of the average (nonlinear time-invariant system).
The state-space variables vector is represented in (1). These three variables are related to the three energy storage elements, named L b , L o and C o .
The system inputs are shown in (2) , are the average value of the rectified grid voltage ( 2Vp π ) and the threshold voltage of the LED string. It is worth mentioning, however, that none of these inputs is the desired control variable.
If one considers the operation of the low-frequency LED driver in continuous-conduction mode (CCM), i. e., the L 1 current does not stays in zero current condition, the converter will feature just two operational stages.
The first stage (Q turned-on and D b reverse biased) is represented by means of (3).
where A 1 and B 1 are obtained from the differential equations of the circuit, as given by (4) and (5): Fig. 3 . LED Driver based on low frequency boost Pre-regulator for state space average modeling.
On the other hand, when Q is turned-off and D b is conducting, the state-space equation is given by (6) .
where A 2 and B 2 are given by (7) and (8), respectively.
Since the converter operates in CCM, the system array (A) and the input array (B) can be represented by their average values, as shown in (9) .
The new state variables are then defined as the average value (according to the switching period T s , which is the half of the mains frequency period) of the original variables, as shown in (10).
It can then represent the space states average, by (11) .
In order to evaluate the dynamic behavior of the LED current, the output array C must assume the following form:
B. Small signal AC state modeling
With the aim of controlling the LEDs current with respect to the main switch duty-cycle (i.e., the ratio between its ontime and the switching period, Ts), D, it is necessary to linearize the system around the operating point. The operating point can be found by solving (13) .
The nominal value of the duty cycle (D) can be found by solving 14 for the desired average output current (Y = I o ).
The input vector (U) is constant at the operation point, as shown in (15).
The steady-state values concerning the state-space variables at the operating point can be found by solving (16).
As long as the average values of the state variables are determined, the small-signal model can be derived by considering a disturbance around the operating point. Those variables can be stated as being a sum of an average (DC) value and an AC component (small disturbance), as shown in (17).
Since the small-signal control variable isd, theũ variable can be considered null. By replacing (17) into (11), one can find (18).
From the small-signal model, the transfer function that relates the average current in the LEDs with duty cycle can be obtained. The TF of the converter small-signal output (ĩ o ) related to the input (d) can be obtained solving (19) .
From the small-signal model, the transfer function that relates the average current in the LEDs with duty cycle can be obtained. The TF of the converter small-signal output (Io) related to the input (d) can be obtained solving (19).
where B d given by (20):
IV. DESIGN EXAMPLE Considering the driver parameters reported in Table I , the transfer function for is given by (21). 
A. Small-signal model validation
In order to validate the developed model, some simulations were carried. The analyses consisted in a comparison between the obtained transfer function G d (s) and the converters PSIM switched model. Fig. 4 shows the LED current behavior during duty cycle (d) transients (+3% at 300 ms and -5% at 385 ms).
As it can be seen, the proposed small-signal model represents, with a good agreement, the dynamic behavior of the low-frequency off-line LED driver based on boost pre-regulator with an LC filter. This result shows that the proposed small-signal modeling procedure provides a good description of the low-frequency boost pre-regulator dynamic behavior . 
B. Analog compensator design
The classic control-loop structure with negative feedback is used for operation of the converter, as shown in Fig. 5 .
The design of the compensator will be carried out by the analysis of the frequency response and the the root locus, following the directives presented in [13] .
In order to prevent the power factor degradation, it is necessary to attenuate the 120-Hz components of the error signal. Therefore, the crossover frequency must be about two decades below 120 Hz(i.e., between 1 and 10 Hz).
In order to achieve a good dynamic response of the converter, an open-loop phase margin greater than 60 is desired. On the other hand, in order to guarantee the system stability and also a good perturbation rejection, the open-loop gain margin must be high.
Additionally, the compensator must have an integral action in order to achieve a zero steady-state error, since in this case the reference is constant.
In this paper, it was chosen an integrator as the controller, whose transfer function is given by (22). The gain was defined as K i = 2.2 in order to meet the design performance requirements.
One can also interpret this integrator like a filter, which has a cut-off frequency of approximately 1.1 Hz. In other words, two decades below of 120 Hz. This characteristic guarantees a high attenuation of the 120-Hz components of the error signal, preventing undesired distortions of the input current.
The root locus and bode plot of the open-loop transfer function (including the compensator) are shown in Fig. 6 . One can see thatthe open loop crossover frequency is 2.42 Hz, with a phase margin of 70 and a gain margin of 21.8 db. 
C. Digital control
Aiming a future digital implementation with a microcontroller, the compensator can be discretized by using the bilinear transformation (23) for a given sampling frequency f a .
By choosing the sampling frequency about one decade above 120 Hz (f a = 5 KHz), the z-domain transfer function of the discretized compensator can be written as
Therefore, the difference equation that can be used for the digital implementation is given by: Fig. 7 shows the discrete control-loop. The moving average filter and the compensator are implemented in the microcontroller.
With the designed compensator, shown in (24), according to the design constraints, it is interesting to analyze through simulation the performance in closed-loop of the system. The digital control was simulated in the PSIM using block C to represents the microcontroller. Fig. 8 shows the behavior of the system during a -15 V (5%) voltage sag on the line voltage (at 750 ms). As it can be seen, the compensator was able to reject this transient disturbance, in other words, keeping the output current at its reference value of 700 mA. The approximate settling time is 350 ms. Fig. 7 . Control digital architecture for the Low Frequency Off-line LED Driver Based on Boost Pre-Regulator with LC Filter (Adapted from [14] ). As the control-loop is designed to be limited in frequency, the power factor remains close to 0.98, even with the converter operating in a closed-loop configuration, since the controller does not compensate the output current ripple. Fig. 9 shows the control action during a step in the current reference , which was changed from 700 mA to 850 mA (at 700 ms), and subsequently changed to 650 mA at 950 ms.
From the analysis of Fig. 9 , one can note that the controller was able to null the steady-state error within 150 ms, i.e., nine line voltage cycles. It is important to highlight that this feature is desired in an LED luminaire, since it provides dimming capability for the system.
V. CONCLUSION
This paper presented the small-signal modeling and control of the AC-DC converter inspired by the low-frequency boost pre-regulator with LC filter, used as an LED driver for street lighting.
The LED driver, which operates at low frequency, presents high power factor (0.99) and low THD (8.27 %).
The work presented a detailed small-signal modeling of the converter, including parasitic elements, such as the inductors resistance. Furthermore, the design of the analog compensator was also discussed. Aiming the digital implementation, the discretized version of the controller was also presented. The simulation results showed that the closed-loop system was robust against input voltage variations and also presented a good performance when following steps in the current reference. Furthermore, owing to the design directives, the power factor of the converter was not affect by the closedloop operation.
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